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Abstract 
For thermoelectric materials, the synthesis route is – besides composition – the crucial factor 
governing the thermoelectric transport properties and hence the performance of the material. 
Here we present a systematic analysis of the influence of the synthesis technique on 
microstructure and thermoelectric transport properties in Li doped Mg2Si0.2Sn0.8. The samples 
were prepared using two wide-spread, but quite different synthesis methods: high energy ball 
milling and induction melting. Microstructural analysis (scanning electron microscopy, X-ray 
diffraction) reveals that ball milled samples are more homogenous than induction melted 
ones, which exhibit some Si-rich Mg2(Si,Sn) and MgO as secondary phases. On a first glance 
the thermoelectric properties are qualitatively similar with 𝑧𝑇max ≈ 0.4 for both routes. 
However, a systematic analysis of the high temperature transport data in the framework of a 
single parabolic band model points out that the induction melted samples have a 
systematically reduced mobility and increased lattice thermal conductivity which can be tied 
to the differences in the microstructure. The reduced mobility can be attributed to a further 
carrier scattering mechanism for the induction melted samples in addition to the acoustic 
phonon and alloy scattering that are observed for both synthesis routes while increased lattice 
thermal conductivity is due to the larger grain size and presence of secondary phases. In 
consequence this leads to significantly enhanced thermoelectric transport properties for ball 
milled samples (effective material parameter 𝛽 is ~20% larger) and a predicted relative 
difference in device efficiency of more than 10%.    
Key words: Ball milling; Induction melting; Single Parabolic Band Model; Thermoelectrics; 
Thermoelectric transport properties analysis   
 
1. Introduction 
Thermoelectric materials can directly convert heat into electricity, thus providing an 
alternative approach for power generation and refrigeration. Thermoelectric generators have 
numerous advantages such as no moving parts, a long lifespan, and scalability without 
efficiency losses compared to other energy conversion techniques [1]. Thermoelectric 
generators are developed for a wide range of applications such as heat engines for military 
and space applications, automotive, and personal climate-control applications [2]. The 
performance of thermoelectric materials can be evaluated by the dimensionless figure of 
merit 𝑧𝑇 =  
𝑆2𝜎
𝜅
𝑇, where 𝑆 is the Seebeck coefficient, 𝜎 the electrical conductivity, 𝜅 the 
thermal conductivity, and 𝑇 the temperature. To ensure a satisfactory thermoelectric 
performance, thermoelectric materials should have a high power factor, 𝑃𝐹 =  𝑆2𝜎 and a low 
thermal conductivity 𝜅.  
Thermoelectric materials with high 𝑧𝑇 include, among others, nanostructured PbTe [3], 
CoSb3-based Skutterudites [4], half-Heusler compounds [5, 6], Zintl phases [7] and Mg2Si-
based solid solutions [8]. Thermoelectric materials are synthesized by various synthesis 
techniques such as melting of the elements followed by slow cooling and long-time annealing 
[9], multi-step solid-state reaction [10, 11], self-propagating high temperature synthesis [12, 
13], mechanical alloying [14, 15], induction melting [16-18], spark plasma sintering [19], 
melt-spinning, or combinations of these techniques followed by a compaction process [20, 
21]. The synthesis route affects the thermoelectric performance of a material in a complex 
fashion: temperature can govern carrier concentration through dopant solubility or tempera-
ture dependent loss mechanisms (evaporation, oxidation, precipitation); carrier mobility and 
lattice thermal conductivity are strongly influenced by the microstructure of the sample. 
Furthermore different synthesis routes can result in various amounts and distributions of 
secondary phases which will also affect the thermoelectric transport properties. For an 
optimization of thermoelectric materials an evaluation of different synthesis approaches and a 
method to do so systematically are therefore highly desirable. 
Among several thermoelectric materials, magnesium silicide based solid solutions are highly 
promising for thermoelectric applications in the middle temperature range (300-800 K) due to 
materials abundance, non-toxicity, low density and cost, good environmental compatibility, 
and high thermoelectric performance for n-type (𝑧𝑇 ≈ 1.4) [8, 14, 22-24]. Compared to n-
type Mg2(Si,Sn), p-type Mg2(Si,Sn) has inferior properties (𝑧𝑇𝑚𝑎𝑥 ≈  0.6) and further 
optimization is highly desirable for a practical implementation of Mg2Si-based thermoelectric 
generators [25-32]. Both p- and n-type Mg2(Si,Sn) are synthesized using different synthesis 
techniques including high energy ball milling (BM) [14, 32], or melt spinning combined with 
(spark plasma) sintering  [25, 26, 29, 30, 33, 34]. 
As for basically all material systems, an influence of synthesis technique on mobility 𝜇 and 
lattice thermal conductivity 𝜅𝐿 is observed for Mg2(Si,Sn) [25, 31, 35]. The potentially rich 
microstructure due to an incomplete inter-solubility of the binaries Mg2Si, Mg2Sn (and 
Mg2Ge) [36, 37] is particular to this material system; furthermore the possible influence of 
defects [38] and Mg-based secondary phases due to the volatility of Mg and its sensitivity to 
oxidation [39]. 
The synthesis that yields the best thermoelectric properties cannot be identified from the 
comparison of experimental data only, in particular not from different publications: First, the 
sensitivity of 𝑧𝑇(𝑛) might occlude the effect of synthesis route on fundamental transport 
parameters and secondly there is significant uncertainty in the experimental thermoelectric 
transport data, which can easily lead to measurement uncertainties of > 20% for 𝑧𝑇 [40, 41]. 
Thus, for a meaningful comparison of synthesis techniques, measurement of the transport 
properties using the same set of equipment is desired, a model-based approach is required as 
well as the extraction and comparison of more fundamental material parameters that are not 
affected by carrier concentration variation.  
Using the well-established single parabolic band (SPB) model, we have systematically 
investigated the differences of Li-doped Mg2Si0.2Sn0.8 fabricated by two popular synthesis 
routes: high energy ball milling (BM) and induction melting (IM) [14, 18, 42]. The 
composition was chosen because Li is the most efficient dopant for p-type Mg2Si1-xSnx and the 
samples with x = 0.8 have similar efficiency as the samples with x = 0.6 but a higher power 
factor [32, 43]; they are also further outside the reported miscibility gap which is important 
for long term stability [44-46]. Generally, for both n- and p-type Mg2(Si,Sn) relatively large 
differences in performance are reported from different experimental studies [30, 43] making 
this class a suitable candidate for a systematic comparison of synthesis techniques.  
In this study, we show that both IM and BM can be used to obtain p-type Mg2Si0.2Sn0.8 
samples which show qualitatively similar thermoelectric properties. However, analysis of the 
transport data in the framework of the SPB model reveals distinct differences in the mobility 
parameter 𝜇0 and the lattice thermal conductivity 𝜅𝐿. This results in a higher effective material 
parameter 𝛽 for the BM samples and hence superior thermoelectric properties compared to 
induction melting. We can show that the differences in carrier mobility are related to 
differences of the carrier scattering and that both the differences in 𝜇0 and 𝜅𝐿 can be attributed 
to differences in the microstructure of the samples. Thus, exemplarily for that material 
system, we demonstrate how the influence of synthesis route on the thermoelectric properties 
can be well understood and quantified using a SPB model.  
2. Materials and methods 
P-type Mg2Si0.2Sn0.8 samples were synthesized using two different synthesis methods: high 
energy ball milling and induction melting, both followed by current assisted sintering. The 
detailed procedure of the BM synthesis is described in a previous report [42]. The precursors 
were milled for 4 hours under Ar atmosphere and sintered using current assisted sintering at 
923 K for 10 minutes. The Li concentration in Mg2-yLiySi0.2Sn0.8 was chosen as 𝑦 =
 0.01, 0.02, and 0.03. 
For induction melted samples, magnesium granules 99.8% (SRL), silicon pieces 6N (Alfa 
Aesar), tin ingots 99.5% (Merck) and lithium carbonate powder 99% (Lobachemie)) were 
used as precursors. The Li2CO3 powder and Mg coarse powder (excess Mg (5 wt%) was 
added to compensate for the Mg loss during melting) were mixed, cold compacted and kept 
with the other precursor elements in a graphite crucible which was covered with a lid and is 
kept under mechanical pressure applied from a piston rod to suppress the Mg loss in the 
system. The reaction chamber was evacuated and back-filled with Argon at 0.5 atm. The 
crucible was heated to 1253 K in 6 minutes and kept at this temperature for 5 minutes. 
During the process, all the reactants are melted and solidified ingots were formed during 
cooling. The ingots were hand-crushed using an agate mortar and pestle. The powder 
obtained was sintered in a uni-axial induction-assisted hot press in Ar atmosphere at 923-938 
K (range of temperature fluctuation), a holding time of 5 minutes and a pressure of 55 MPa. 
The Li concentration in Mg2.1-yLiySi0.2Sn0.8 was varied with 𝑦 = 0.02, 0.03, and 0.04. These 
slightly different parameters have been used as each route has been optimized separately 
before. Phase formation in the obtained pellets were characterized using a Philips 
PANalytical XRD system at IITB. The microstructure and phase purity of the samples were 
observed by using a Zeiss Ultra 55 at IITB. Moreover the functional homogeneity of the 
samples was characterized by a spatial mapping of the Seebeck coefficient at room 
temperature using a Potential & Seebeck microprobe (PSM) at DLR [47, 48]. 
The temperature dependent  measurements of Seebeck coefficient and electrical conductivity 
were performed using an in-house developed facility with a four-probe technique [49, 50]. 
The thermal diffusivity (𝛼) of the pellets was obtained using a Netzsch LFA 427 apparatus. 
All measurements of 𝑆, 𝜎 and 𝛼 were performed under Ar and He at 300-680 K. The thermal 
conductivity (𝜅) was calculated using the relation 𝜅 =  𝜌 𝐶𝑝𝛼, where 𝜌 and 𝐶𝑝 are sample 
density and heat capacity of composition at constant pressure, respectively. The 𝐶𝑝 value was 
obtained from the Dulong Petit limit 𝐶𝑉
DP: 𝐶𝑝 = 𝐶𝑉
DP +
9𝐸𝑡
2𝑇
𝛽𝑇𝜌
 where 𝐸𝑡~1.7 × 10
−5K
-1
 and 
𝛽𝑇~2.2 × 10
−11 Pa, are the linear coefficient of thermal expansion and an isothermal 
compressibility, respectively [51, 52]. In the relevant temperature range the 𝐶𝑝 increases from 
0.513 J/gK to 0.527 J/gK. The Hall carrier concentration 𝑝H was calculated from the Hall 
coefficient (𝑅H) assuming a single carrier type using 𝑝H =  
1
𝑅H𝑒
, where 𝑒 is the electronic 
charge. The room temperature 𝑅H for different samples was determined using an in-house 
facility with a van der Pauw configuration under varying magnetic field of maximum 0.5 T 
[51, 53]. The main aim of the manuscript is to compare two different synthesis techniques and 
to draw conclusions from the observed differences. Therefore all thermoelectric properties 
measurements, including Hall measurements, were conducted, each, using the same of 
facilities at DLR. For that reason measurement precision (related to reproducibility) is more 
relevant in the following than measurement accuracy (closeness of the measurement to the 
true value). Based on periodic reference measurements precision is specified as 
±2%, ±5%, ±5% and ±10% for 𝑆, 𝜎, 𝜅 and 𝑅H (and shown as error bars in the following), 
while measurement accuracy is given by ±5%, ±5%, ±8% and ±10%  based on comparison 
with the NIST standard reference material 3451 and international round robin tests [41, 54, 
55]. 
 
 
 
 
 
 
 
 3. Results 
 
Figure 1 XRD patterns of ball milled p-type Mg2-yLiySi0.2Sn0.8 samples with 𝒚 = 𝟎. 𝟎𝟏, 𝟎. 𝟎𝟐 and 𝟎. 𝟎𝟑 and corresponding 
patterns of induction melted samples with 𝒚 = 𝟎. 𝟎𝟐, 𝟎. 𝟎𝟑 and 𝟎. 𝟎𝟒. 
Figure 1 shows the XRD patterns of p-type Mg2Si0.2Sn0.8 compositions prepared by ball 
milling and induction melting. The main peaks can be indexed to cubic anti-flourite crystal 
structure with space group 𝐹𝑚3̅𝑚. The XRD data indicates the BM samples to be phase pure, 
while some impurity peaks corresponding to MgO and Si-rich Mg2(Si,Sn) are observed for 
the IM samples (impurity peak positions are indicated in Figure 1). The Fullprof software was 
employed to calculate the lattice parameter using Rietveld refinement for all the samples. The 
refinement results are given in Table 1. The weight fraction of the secondary MgO phase (for 
IM samples) was also estimated and given in Table 1. At room temperature the lattice 
parameters of the p-type Mg2Si0.2Sn0.8 samples varied between a = 6.664-6.690 Å in range with 
previous reports [56-58]. Such significant variation in the lattice parameters for similar nominal 
compositions can be attributed to minimal differences in the Si:Sn ratio. The BM samples 
have a lower scatter in the lattice parameter (standard deviation of 0.003) compared to the IM 
samples (0.008) indicative of the ball milling method resulting in a better reproducibility. 
While the refinement shows some differences in Si:Sn ratio between the samples, and this 
parameter in principle clearly influences the thermoelectric performance [32], the estimated 
change of properties due to the measured change in Si:Sn ratio is small compared to the 
experimental precision and therefore neglected in the following. Note that lattice parameter 
and Si:Sn ratio have been refined independently of each other. 
 
Table 1: Results of refinement of XRD data for BM samples and IM samples  
Nominal composition Method Lattice parameter a (Å) Si (at. 
%) 
Sn 
(at. %) 
MgO (wt %) 
Mg1.99Li0.01Si0.2Sn0.8 BM 6.690(1) 0.18 0.82 - 
Mg1.98Li0.02Si0.2Sn0.8 BM 6.683(1) 0.193 0.807 - 
Mg1.97Li0.03Si0.2Sn0.8 BM 6.687(1) 0.188 0.812 - 
Mg2.08Li0.02Si0.2Sn0.8 IM 6.671(1) 0.18 0.82 6.64 (0.19) 
Mg2.07Li0.03Si0.2Sn0.8 IM 6.664(1) 0.20 0.80 9.37 (0.19) 
Mg2.06Li0.04Si0.2Sn0.8 IM 6.680(1) 0.17 0.83 7.37 (0.17) 
 
 
Figure 2 SEM image of (a) IM sample (𝒚 = 𝟎. 𝟎𝟐), (b) BM sample (y = 0.02), and (c) EDS mapping of the white rectangle 
marked in (a) indicating formation of MgO during IM synthesis. 
Microstructure and phase purity of the obtained pellets were characterized utilizing SEM in 
back scatter electron mode. Differences in average grain size and phase homogeneity of the 
samples are observed. The grain size is estimated using ImageJ software after measuring over 
100 grains in an image for averaging; for the BM sample it is estimated to be ~ 5 μm which is 
in agreement with previous publications on samples with similar compositions synthesized 
using the same setup [14, 45];  for the IM sample the average grain size is ~23 μm. The larger 
grain size of the IM samples compared to the BM samples is presumably due to the 
differences in the crushing process of the different synthesis routes. The IM samples were 
hand-crushed after the melting process whereas the BM samples were milled under a much 
higher mechanical energy than hand crushing provides, this results in a much smaller grain 
size. The BM sample (Figure 2b) is also more homogenous than the IM sample (Figure 2a) as 
observed from the contrast (grey areas) in the back-scattered SEM image and EDS mapping 
(see supplementary Figure S2). The contrast appears due to variation of the local Si/Sn 
distribution [45]. Additionally, black patches are observed in the SEM image (mainly the IM 
sample). These regions are located both within the grains and along grain boundaries and have 
been identified as MgO by elemental analysis. Elemental mapping was also carried out in 
select areas (indicated by the white square in Figure 2a) containig the black patches (shown in 
Figure 2c) which confirms the presence of MgO. Here, the EDX mapping shows a higher 
count for Mg than the in the surrounding Mg2(Si,Sn) matrix which is in line with the higher 
atomic density of Mg in MgO compared to that in the Mg2Si1-xSnx phase. The formation 
enthalpy of MgO is 603 kJ/mol at 300 K [59] and it is presumably formed during the melting 
process. The greyish area (indicated by a red circle) shows Si-rich Mg2(Si,Sn) regions with 
silicon to tin molar ratio of (Si:Sn) ≈ 80: 20 mole % (Figure 2a). 
 
Figure 3 (a) Spatial Seebeck mapping of ball milled sample for 𝒚 = 𝟎. 𝟎𝟐 with frequency distribution in (c) and (b) induction 
melted sample for 𝒚 = 𝟎. 𝟎𝟒 with frequency distribution in (d) at room temperature. 
The functional homogeneity and dominant carrier type of BM and IM samples are studied by 
spatial mapping of the Seebeck coefficient. Figure 3 illustrates the functional homogeneity of 
the BM (𝑦 = 0.02) and IM (𝑦 = 0.04) samples. For the analysis of the IM sample, we 
excluded a few outlier with close to zero Seebeck values. The absolute Seebeck coefficient for 
BM samples (𝑆 = 88.8 μV/K) and IM samples (𝑆 = 92.9 μV/K) from PSM match well with 
the obtained Seebeck measurement data at room temperature from the temperature-dependent 
measurements. The functional homogeneity can be quantified by the full width half maximum 
(FWHM) of the Seebeck coefficient distribution profiles as shown in Figures 3c and d; the 
lower the value the better the homogeneity. The FWHM of the BM sample is 2.6% which is 
lower than that of the IM sample (7.7%), indicating that the BM sample is more homogenous 
than the IM sample. Dopant incorporation and dopant efficiency will generally depend on the 
Si:Sn ratio. For n-type Mg2(Si,Sn) it has been found that the dopant incorporation is favoured 
for solid solutions  with higher Sn content [31] and for p-type dopant efficiency increases as 
well with increasing Sn content [43]. The higher fluctuation of the local Si:Sn ratio for the IM 
samples is therefore expected to increase the fluctuation of the measured local Seebeck 
coefficient even if the microstructural features are not fully resolved. 
Thermoelectric properties 
The nominal composition of BM and IM samples together with their corresponding room 
temperature Hall carrier concentration (𝑝H), density of states effective mass (𝑚D
∗ ), and Hall 
mobility (𝜇H) based on the SPB model are listed in Table 2.  
Table 2 Thermoelectric transport data of p-type Mg2Si0.2Sn0.8synthesized by using ball milling and induction melting 
methods based on the SPB model 
Composition Li content y synthesis 
methods 
𝑝H × 10
20 
(cm−3) 
𝑚D
∗  (m0) 𝜇H(cm
2/Vs) 
Mg1.99Li0.01Si0.2Sn0.8 0.01 BM 1.0 1.40 45 
Mg1.98Li0.02Si0.2Sn0.8 0.02 BM 1.3 1.17 49 
Mg1.97Li0.03Si0.2Sn0.8 0.03 BM 1.8 1.26 42 
Mg2.1-yLi0.02Si0.2Sn0.8 0.02 IM 1.2 1.18 42 
Mg2.1-yLi0.03Si0.2Sn0.8 0.03 IM 1.4 1.22 37 
Mg2.1-yLi0.04Si0.2Sn0.8 0.04 IM 1.6 1.22 37 
 
 Figure 4. Temperature dependence of (a) Seebeck coefficient, (b) electrical conductivity, (c) thermal conductivity, (d) lattice 
thermal conductivity, (e) power factor and (f) figure of merit 𝒛𝑻 of p-type Mg2Si0.2Sn0.8  prepared using ball milling (filled 
symbols) and induction melting (empty symbols). 
The temperature dependent TE properties of the BM and IM samples are plotted in Figure 4a. 
All samples exhibit positive Seebeck coefficient values which indicate p-type conduction. The 
Seebeck coefficient decreases with increase of the Li concentration for both BM and IM 
samples. The Seebeck coefficient starts to bend at lower temperatures for the sample with the 
lowest carrier concentration (𝑦 = 0.01) due to an earlier onset of the mixed conduction 
regime. The electrical conductivity for all the samples increases with an increase in the Li 
concentration. Overall, the electrical conductivity of BM samples is higher than for the IM 
samples. The thermal conductivity of BM samples increases slightly with higher Li content. 
The values of the lattice thermal conductivity of the IM samples are larger than those of the 
BM samples at 300-450 K. The maximum power factor 𝑃𝐹max = 1.5 mWm
−1K−2 is achieved 
at 600 K for the BM sample with 𝑦 = 0.02 while for the IM samples the power factor is 
generally lower (𝑃𝐹max = 1.2 mWm
−1K−2 ). The BM sample with 𝑦 = 0.02 has the highest 
𝑃𝐹 and the lowest thermal conductivity which lead to an optimum figure of merit (𝑧𝑇) of 
around 0.42 ± 0.03  at 650 K. In the case of IM samples, the optimum 𝑧𝑇 is achieved as 
0.38 ± 0.03 at 700 K for 𝑦 = 0.04, partially because of a better suppression of the bipolar 
contribution. In general, the thermoelectric properties of BM and IM samples are qualitatively 
similar.  
 
Figure 5. (a) The obtained carrier concentration changes subproportional and (b) dopant efficiency decreases with higher Li 
content.  
The carrier concentration (𝑝) of BM samples is slightly higher than that of IM samples (see 
Table 2) for the same nominal Li content. The obtained carrier concentration increases 
subproportional (𝑝H = 1 − 1.8 × 10
20cm−3) with higher Li content for both sample types 
and is slightly steeper for BM samples. Thus the Seebeck coefficient reduces with increase in 
Li concentration (see Figure 4a). The relations between the carrier concentration and dopant 
efficiency vs. Li content are illustrated in Figure 5a and b. The theoretical limit (red line) is 
calculated for a lattice constant of 𝑎 = 6.8 × 10−10m and under the assumption that each Li 
atom replaces one Mg atom and provides one free hole. Figure 5a shows that the obtained 
carrier concentrations of both BM and IM samples are far below the theoretical limits for 
higher Li content (see also Table 2), which is observed consistently in literatures [25, 27, 29, 
30] and might be related to defect formation in the material [25]. Moreover, the dopant 
efficiency (obtained carrier concentration over theoretical limit) is slightly higher for BM 
samples but reduces with higher Li content for both kinds of samples.  
 
4. Discussion 
From the results of XRD and SEM it is clear that the synthesis method (BM vs. IM) affects 
the microstructure (Figure 2). The difference in the microstructure is possibly due to the 
reaction mechanism of the methods. For the BM route it was shown in a previous report that 
Mg2Sn is formed in the beginning of the reaction and Si diffuses into the system during 
milling [14], resulting in a multi-phase material with neighboring compositions at the end of 
the milling stage. The single-phase p-Mg2Si0.2Sn0.8 is formed during the compaction. On the 
other hand, IM p-Mg2Si0.2Sn0.8 is formed during the melting process. The precursors and the 
melted samples were possibly oxidized during the melting process and the preparation under 
ambient condition. As a result, the secondary phases (MgO and Si-rich Mg2(Si,Sn)) are more 
clearly observed for the IM sample (see Figure 2). We also note that the MgO distribution is 
different to a previous report on Mg2Si where MgO is found homogenously distributed at the 
grain boundaries [35], in contrast the present study. This indicates that the synthesis steps and 
the change in composition (Mg2(Si,Sn) solid solution in this case [25]) could affect the 
distribution of MgO. Also, MgO was possibly formed due to the use of Li2CO3 as Li source 
[25]. However the amount of MgO obtained from the refinement results (MgO = 6.64, 9.37 
and 7.37 wt%) indicate that the MgO does not depend entirely on the Li2CO3 concentrations 
used [59].  The formation of Si-rich Mg2(Si,Sn) phase at lower temperature (< 973 K) is 
possibly due to boundaries of the miscibility gap of the composition [60]. 
The differences in microstructure and secondary phases give some indications for the origin 
of different TE properties of BM and IM samples. In particular, the presence of MgO can 
degrade the electrical properties of Mg2(Si,Sn) [25, 35]; we also observe that the electrical 
conductivity of BM samples is higher than that of IM samples. Note that the electrical 
conductivity of the IM samples monotonically decreases with increase in temperature in 
contrast to the previous report for the highest MgO content [35], even though all MgO 
contents are higher in the present case. Moreover, the presence of Si-rich Mg2(Si,Sn) phases 
presumably contributes to the reduction of the electrical conductivity. 
For a deeper analysis, a single parabolic band (SPB) model is utilized to understand the 
influence of synthesis techniques (BM and IM) on the TE properties and to identify a superior 
synthesis technique. The relevant equations are: 
S = 
𝒌𝑩
𝒆
(
𝟐𝑭𝟏(𝜼)
𝑭𝟎(𝜼)
− 𝜼)      (1) 
𝒑 = 𝟒𝝅 (
𝟐𝒎𝑫
∗ 𝒌𝑩𝑻
𝒉𝟐
)
𝟏.𝟓
 𝑭𝟏
𝟐
 
(𝜼)     (2) 
𝒑𝐇 =
𝒑
𝒓𝑯
, 𝒓𝐇 =
𝟏.𝟓𝑭𝟎.𝟓(𝜼)(𝟎.𝟓)𝑭−𝟎.𝟓(𝜼)
𝑭𝟎
𝟐(𝜼)
    (3) 
𝝁𝐇 =  𝝁𝟎
𝑭−𝟎.𝟓(𝜼)
𝟐𝑭𝟎(𝜼)
            (4) 
Here 𝑒 is the elementary charge, 𝑘𝐵 is Boltzmann’s constant, 𝐹𝑖 (𝜂) the Fermi integral of 
order 𝑖 𝐹𝑖 = ∫
∈𝑖𝑑∈
1+𝐸𝑥𝑝[∈−𝜂]
∞
0
, and 𝜂 is the reduced chemical potential which is given by 𝜂 =
𝐸F
𝑘𝐵𝑇
, where 𝐸F is the Fermi energy. For the calculation, we have assumed a scattering 
parameter (𝜆 = 0) corresponding to the energy dependence of scattering on acoustic phonons 
(AP) and alloy scattering (AS) [6, 61-63]. The true carrier concentration (𝑝) is calculated from 
experimental Hall carrier concentration (𝑝H) using the Hall factor (𝑟H).  
The density of states effective masses of both BM and IM samples are calculated using Eq. 2. 
The values are similar 𝑚D
∗ ≈ 1.2 𝑚0 except for 𝑦 = 0.01 of BM sample (Table 1). This 
confirms that the density of states effective mass is independent of the synthesis techniques. 
However, the Hall mobility is slightly higher for BM samples (see Table 2). The Hall mobility 
of the ball milled sample with 𝑦 = 0.01 was calculated by extrapolating the electrical 
conductivity data to room temperature using a SPB model. As the measured Hall mobility is 
affected by the sample carrier concentration, we use the mobility parameter 𝜇0 for a 
comparison between the synthesis techniques instead. This is calculated from the Hall 
mobility using Eq. 4 and shown in Figure 6a. While the results for the individual samples 
show some scatter, it can be seen that the BM samples on average exhibit a higher mobility 
parameter. 
 Figure 6 (a) Mobility parameter of BM (filled symbols) and IM (empty symbols) samples and (b) Mobility parameter of  a 
BM sample (𝒚 = 𝟎. 𝟎𝟐) and an IM sample (𝒚 = 𝟎. 𝟎𝟒) (solid lines, directly from experimental data ) and predicted mobility 
parameters taking acoustic phonon scattering (dashed lines) and alloy scattering (dotted lines) as well as the combination of 
both (dashed-dotted lines) into account.  
We have shown that the whole solid solution range of p-Mg2Si1-xSnx with 𝑥 = 0 − 1 and in 
particular the electrical conductivity can be modelled using a SPB model taking acoustic 
phonon (AP) scattering and alloy scattering (AS) into account as scattering mechanisms [32]. 
Here we apply the same model specifically to p-type Mg2Si0.2Sn0.8 prepared with different 
synthesis techniques to check for differences in carrier scattering. The mobility parameter 𝜇0 
is calculated using Matthiessen’s rule [10]: 
1
𝜇0
=  
1
𝜇0
𝐴𝑃 +  
1
𝜇0
𝐴𝑆        (5) 
Acoustic phonon scattering mobility (𝜇0
𝐴𝑃) is described by the following equation [10, 63]: 
𝜇0
𝐴𝑃 =  
𝜋√8𝑒ℏ4𝜌𝑣𝑙
2
4𝐸Def
2(𝑚𝑠)2.5(𝑘𝐵𝑇)1.5
        (6) 
ℏ is the reduced Planck constant, 𝑘𝐵 is Boltzmann’s constant, 𝜌 is the theoretical mass 
density, 𝑣𝑙 is the longitudinal velocity of sound 𝑣𝑙 = 5376 𝑚
2/𝑠 [32], 𝐸Def is the deformation 
potential which characterizes the interaction between charge carriers and phonons. The single 
valley effective mass (𝑚𝑠) is calculated via 𝑚𝑠 =  𝑚D
∗ /𝑁v
2/3, 𝑁v = 2. Furthermore, the 
mobility due to alloy scattering is described by [10, 61]: 
𝜇0
𝐴𝑆 =  
16𝑒ℏ4𝑁0
3(2)1.5𝜋𝑥(1−𝑥)𝐸𝐴𝑆
2 (𝑚𝑠)2.5(𝑘𝐵𝑇)0.5
       (7) 
𝑁0 is the number of atoms per unit volume and 𝑥 is the Sn fraction, respectively; 𝐸AS is the 
alloy scattering potential. We have kept 𝐸Def = const = 9 eV and 𝐸AS = const = 0.5 eV as 
mentioned in the previous report [32]. Figure 6b demonstrates that the AP mobility (dashed 
lines) is more relevant at high temperatures 𝜇0
AP~𝑇−𝑧 with z > 1 and the AS mobility (dotted 
lines) is comparable at low temperature 𝜇0
AS~𝑇0. While for BM the modeled data represents 
the experimental data quite well, there is a large discrepancy for the IM sample. While shown 
here only for one sample we find this for all IM samples. This means that the mobility of the 
IM samples cannot be modelled with the same constants as the BM samples indicating a 
difference in the details of the hole scattering. Both 𝐸Def and 𝐸AS are properties supposed to 
be independent of synthesis route [61, 63]. Nevertheless we have attempted to fit the 
experimental data of the IM samples allowing for a higher alloy scattering potential or for a 
higher deformation potential. While the overall fits (naturally) improve especially for a higher 
deformation potential constant (𝐸Def = 11 eV), the temperature dependence is stronger than 
that of the experimental data so that there is a discrepancy at high temperatures (see 
supplementary in Fig. S4). We also note that a lower speed of sound for the IM samples 
would have effectively the same consequence as an increased deformation potential; further 
measurements are required to disentangle the differences further. For a higher alloy scattering 
potential, the fit does not capture the temperature dependence (see supplementary in Figure 
S3), indicating that a different 𝐸AS and 𝐸Def are not the reason for the observed discrepancy.  
As MgO has been reported to reduce the mobility in Mg2Si [35] and the IM samples contain a 
significant amount of MgO (higher than in [35]) we have tried to model the mobility by 
adding grain boundary scattering as further scattering mechanism [35, 64]. However, the 
model does not fit with the experimental data and does not exhibit the right temperature 
dependence, see supplementary in Figure S5. The main reason is that grain boundary 
scattering is effective mainly at lower T, while we observe here a reduction of the mobility of 
IM samples over the whole temperature range. This indicates that the observed differences 
between BM and IM cannot be modelled by adding grain boundary scattering as further 
scattering mechanism. In an earlier work were grain boundary scattering was found to be 
effective [35], the MgO particles were observed at the grain boundaries [35], however in our 
case, the MgO particles agglomerate and are not only located at the grain boundaries (Figure 
2). Thus the position and distribution of MgO could be the reason for the different behavior. 
Further possible scattering mechanisms such as point defect scattering and ionized impurities 
could be considered based on previous reports [65, 66]. Point defect scattering mechanism has 
a scattering parameter 𝜆 = 0 [65], which is the same as for acoustic phonon and alloy 
scattering mechanisms, however it is physically hard to justify as potential defects in 
Mg2(Si,Sn) are usually charged and not neutral [38]. Ionized impurity scattering is known to 
have a strong temperature dependence (mainly relevant at low temperatures) and can 
therefore also be ruled out as potential reason for the observed difference [66]. In summary, 
our analysis of the electronic transport data using the SPB model allows us to identify the 
difference in carrier scattering as the reason for systematically reduced mobility. As we 
furthermore cannot implement a correct description within the single parabolic band model 
we conclude that the origin is outside the SPB model and is presumably related to the 
presence of secondary phases in the IM samples.   
The lattice thermal conductivity in Figure 4d was obtained from the measured thermal 
conductivity 𝜅lat + 𝜅bi = 𝜅 − 𝜅e =  𝜅 − 𝐿𝜎𝑇, where the Lorenz number was calculated from 
𝐿 =  (
𝑘𝑏
𝑒
)
2 3𝐹0(𝜂)𝐹2(𝜂)−4𝐹1
2(𝜂)
𝐹0(𝜂)2
 using the chemical potential of the samples (eq. 1). The 
calculated 𝐿 values decrease with increasing temperature for all the samples. The room 
temperature 𝐿 values vary from 1.85 to 2.0 × 10−8 W  ΩK-2. The average of the lattice thermal 
conductivity (𝜅lat,avg; see Figure 4d) was calculated in the temperature range where the SPB 
model is approximately valid [32]; data where the influence of the bipolar thermal con-
ductivity is significant is thus excluded from the averaging. It shows that the IM samples have 
a higher average lattice thermal conductivity, with the difference decreasing with increasing 
temperature. This is possibly due to the four times larger grain size of the IM samples which 
leads to reduced phonon scattering. As MgO has a higher thermal conductivity than solid 
solutions of Mg2Si and Mg2Sn, the observed MgO content in the IM samples (6.64, 9.37, and 
7.37 wt%) can also be the reason for their higher thermal conductivity in agreement with an 
estimation in [25]. On the other hand one might expect additional phonon scattering in the IM 
samples due to a lesser homogeneity and more secondary phases. However, from the obtained 
results we conclude that this is overcompensated.  
The figure of merit 𝑧𝑇 can be written as 𝑧𝑇 =  
𝑆2
𝐿+(𝜓𝛽)−1
 with 𝜓 =  
8𝜋𝑒
3
(
2𝑚0𝑘𝐵
ℎ2
)1.5𝐹0(𝜂) and 
the material parameter 𝛽 =  
(
𝑚𝐷
∗
𝑚0
)
1.5
𝜇0  𝑇
2.5
𝜅𝑙𝑎𝑡
 that can be used to evaluate the performance of 
thermoelectric materials [65, 67, 68]. To calculate 𝑧𝑇 from the material properties we have 
used average values for 𝜇0, 𝜅lat (averaging among the samples) up to 500 K where the SPB 
model is approximately valid and 𝑚D
∗ (𝑚𝐷
∗ = 1.2 𝑚0). 𝜇0, 𝜅lat were averaged for BM and IM 
separately and 𝜇0 was obtained directly from the experimental 𝜇H, not by use of Eq. 5. Due to 
the lower mobility of the IM samples and their higher lattice thermal conductivity, they 
exhibit a significantly reduced (≈20%) material parameter 𝛽, see Figure 7a. Note that the SPB 
model and hence 𝛽 is in principle developed for a homogenous material and not for a material 
with secondary phases. On the other hand, 𝛽 = 𝛽(𝜇0, 𝜅𝑙𝑎𝑡) which both depend the 
microstructure of a material, even if it is single phase [69, 70]. Thus, if 𝛽 is obtained from 
experimental data, it is not a “true” material parameter anymore but an effective one. In the 
same sense 𝛽 is an effective material parameter here which also includes the effect of 
secondary phases, in addition to the matrix.  
 
Figure 7(a) Thermoelectric material parameter 𝛽 for BM and IM samples and (b) experimental data (markers) as well as SPB 
prediction for the figure of merit 𝑧𝑇 vs carrier concentration of BM samples (solid lines) and IM samples (dashed lines) at 
300, 400, and 500 K. 
The 𝑧𝑇 predicted by the SPB model is shown in Figure 7b; for the experimental data we have 
assumed that 𝑝 is constant in the temperature range considered. Due to a larger effective 
parameter 𝛽, the thermoelectric figure of merit is larger for the BM samples at all 
temperatures, in agreement with the experimental values. The discrepancy between modelling 
and experimental data at 500 K might be caused by using the room temperature value of 𝑚𝐷
∗  
for all temperatures. This might not be perfectly fulfilled as e.g. for n-type Mg2Si a small but 
systematic increase with temperature was observed [15, 35]. From the experimental data and 
theoretical calculation, the optimized 𝑧𝑇 and optimum carrier concentration for the p-
Mg2Si0.2Sn0.8 are achieved for 𝑝 ≈ 0.5 × 1020cm−3 at 500 K. Note that the optimum carrier 
concentration increases with temperature [32, 72] and that the SPB tends to overpredict the 
performance of low doped samples as it neglects the detrimental influence of minority 
carriers. However, as this effect depends mainly on the band structure it is similar for both IM 
and BM samples and does not affect the validity of our comparison. 
Independent of that the analysis clearly shows that samples synthesized by BM have a 
superior thermoelectric performance. The ratio of the material parameters 
𝛽BM
𝛽IM
≈ 1.20 is 
significantly larger than unity for all temperatures as is the predicted figure of merit at 
optimum carrier concentration, e.g. 
𝑧𝑇opt,BM
𝑧𝑇opt,IM
≈
0.33
0.26
≈ 1.27 at 500 K. To capture the behavior 
at high temperatures, where the SPB model is not valid anymore it is also insightful to 
compare 𝑧𝑇avg [71] for samples with similar carrier concentrations. For that comparison we 
chose the BM sample and the IM with 𝑦 = 0.02 as both have similar carrier concentrations, 
see Table 2. We obtain 
𝑧𝑇avg,BM
𝑧𝑇avg,IM
≈
0.28
0.23
≈ 1.22  confirming the trend observed from the SPB 
model. Finally, from an application point of view one of the most crucial quantities is the 
device efficiency. Solving the full heat equation in a finite element approach we obtain a 
predicted leg efficiency of 4.86% for a p-leg with the properties of the BM sample, but only 
4.25% for that with the IM properties. We have assumed hot and cold side temperatures of 
723 K and 300 K respectively, 1D heat and current flow and disregarded electrical and 
thermal contact resistances, for further details please see the supporting info (Figure S6). 
Comparing other samples leads to similar results. In summary both the comparison of the 
material parameters within the framework of the SPB model as well as the predicted 
performance for individual samples reveal a significant advantage of the BM route compared 
to the IM route.  
5. Conclusions   
We have successfully synthesized Li-doped Mg2Si0.2Sn0.8 by high energy ball milling and 
induction melting with qualitatively similar thermoelectric properties (𝑧𝑇max  ≈ 0.4). 
However, the choice of synthesis technique has a clear influence on the microstructure and 
functional homogeneity of the samples. IM samples have a larger grain size and contain MgO 
and Si-rich Mg2(Si,Sn) as secondary phases within the matrix. An in-depth analysis of the 
influence of synthesis technique on the thermoelectric properties has been done using a SPB 
model. This reveals an increased carrier scattering for IM samples and could indicate that the 
presence of secondary phases leads to a lower effective mobility, and consequently reduced 
electrical conductivity. Moreover, the combination of the secondary phases and the larger 
grain size for the IM samples give rise to a higher lattice thermal conductivity. In summary 
the low mobility and the high lattice thermal conductivity lead to a significantly reduced 
effective material parameter 𝛽 (≈ 20%) for the IM samples. This results in a significantly 
lower average figure of merit (
𝑧𝑇avg,BM
𝑧𝑇avg,IM
≈
0.28
0.23
≈ 1.22) and thus a clearly poorer performance 
of the IM samples, even if the maximum figures of merit are comparable. Analysis of the data 
also shows that the density of states effective mass is independent of the synthesis techniques 
(𝑚D
∗ ≈ 1.2 m0) and the carrier concentration increases subproportional for both samples with 
slightly higher dopant efficiency for BM samples. In summary, we have demonstrated how 
the influence of synthesis techniques on microstructure and the thermoelectric properties can 
be explained well using p-Mg2Si0.2Sn0.8 as an example. The analysis of the transport data in a 
SPB model is a powerful tool to evaluate different synthesis techniques and understand and 
quantify the fundamental differences between those.  
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